The purpose of the study was to measure risk ofchildhood acute lymphoblastic leukemia associated with reported postnatal diagostic X rays and to determine if it was modified in the presence of variants in genes involved i:n DNA repair. We conducted a population-based case-control study with 491 cases and 491 healthy controls among children 0-9 years of age at diagnosis. it is plausible that they would be associated with altered DNA repair capacity and with modified susceptibility to cancer. We can then hypothesize that postnatal irradiation in a child with certain forms of DNA repair genes would be at increased risk of cancer.
The purpose of the study was to measure risk ofchildhood acute lymphoblastic leukemia associated with reported postnatal diagostic X rays and to determine if it was modified in the presence of variants in genes involved i:n DNA repair. We conducted a population-based case-control study with 491 cases and 491 healthy controls among children 0-9 years of age at diagnosis. To evaluate gene-environment interaction, we used a subgroup of 129 cases. Tlhe adjusted odds ratio (OR) for one reported postnatal child X ray versus none was 1.04 [95% confidence intervl (CI), 0.72-1.49], whereas the OR for two or more X rays was 1.61 (CI, 1.13-2.28). Among girls, the former ORs were 1.14 (CI, 0.66-1.96) and 2.26 (1.204.23), respectvely. Among girls who carried the bMSH3 [exon (ex) 23] variant, the ORs were 3.33 (CI, 0.75-14.82) for one X ray and 0.27 (CI, 0.05-1.57) for two or more X rays, whereas among those who carried the XRCCI(e 6) variant, the ORs were 1.45 (0. [11] [12] [13] [14] [15] [16] [17] [18] [19] .08) and 6.66 (0.78-56.63), respectively. On the other hand, at low levels of exposure, boys seemed protected by the variant bMLHI (a 8). The latter results must be interpreted with caution but suggest that the effect of diagnostic X rays could be modified by variants in repair genes according to sex Few studies have evaluated the risk of postnatal diagnostic irradiation, which was moderately strong here; we are not aware of any studies that also considered the effect of polymorphisms in DNA repair genes. Based on the present results, both aspects deserve fiuther study. Key word childhood leukemia, diagostic irradiation, DNA repair genes, gene-environment interaction, polymorphisms. Environ Health Perspect 108: 495498 (2000) . [Online 12 April 2000] bp :/ /ehpnetl. niehs.niigobldoc2o /l108p4.95-498infante-rivardlabssrctmnml Prenatal diagnostic irradiation is a recognized risk factor for childhood cancer (1) , but the risk associated with postnatal diagnostic irradiation is not well established. Excluding studies where children received radiation as a treatment, we found only a few studies that considered postnatal diagnostic X rays as a risk factor for childhood leukemia (2-8); however, their results are consistent in that reported exposure in cases was almost always more frequent than in controls.
Reduced DNA repair capacity may increase susceptibility to breast and lung cancers (9, 10) as well as to hematologic malignancies. For instance, the development of leukemia and lymphoma in cases of Fanconi anemia or ataxia telangiectasia is associated with defective DNA repair (11, 12) . Therefore, DNA repair genes may play a key role in tumor development and in radiosensitivity. Recently, common variants were identified at the coding sequence of XRCC1 (13), a gene involved in the base excision repair (14) , as well as in the DNA mismatch repair genes hMLHJ and hMSH3 (15) . Although the significance of these variants is not completely dear at this time (16) , it is plausible that they would be associated with altered DNA repair capacity and with modified susceptibility to cancer. We can then hypothesize that postnatal irradiation in a child with certain forms of DNA repair genes would be at increased risk of cancer.
The objectives of this study were to measure the effect of reported postnatal diagnostic irradiation on childhood acute lymphoblastic leukemia (ALL) and to carry out a preliminary study to assess whether this effect seems modified by DNA repair gene variants.
Materials and Methods
Gase ascertainment. The study methods have been described by Infante-Rivard et al. (17) . Cases Children who were adopted, lived in foster families, whose family spoke neither French nor English, or lived out of the country were considered ineligible. We also did not consider children whose mother was in prolonged psychiatric treatment, or whose parents were both unavailable. We identified 510 eligible cases and interviewed 491 parents (96.3%); 588 eligible controls were recruited and 493 (83.8%) parents participated. Among controls, 74 children were the second control on the list of eligibles, 9 were the third choice, and 1 was the fourth. The others were first choices on the list of eligibles. Reasons for nonparticipation were a confidential telephone number, refusal, or a nontraceable family. Two strata without cases were ultimately rejected, leaving 491 cases to be used in the analysis and 491 healthy population controls.
Data collection. Permission to access cases was granted by the institutional review board of each hospital; permission to access controls was granted by the provincial agency regulating access to public databases with nominal information. Soon after the anticipated reception of a letter introducing the general purpose of the study, trained interviewers contacted the parents to schedule an appointment for the interview, which was administered by telephone using a structured questionnaire. Questionnaires were reviewed as were completed and feedback was regularly provided to interviewers.
The questionnaire included information on possible confounding variables as well as on diagnostic irradiation. Mothers were asked about specific X rays during pregnancy, such as pelvimetry and abdominal X rays. The mothers also answered questions about the nature and number of X rays for the study child after birth. For instance, we asked, "has your child ever had a pulmonary X ray?"; if the answer was yes, we asked how many times he or she had such an exam, at what age, and if it was for diagnostic or routine purposes. Pelvimetries and children's X rays are described as the total number reported.
Data analysis. We used conditional logistic regression to estimate odds ratios (OR) and 95% confidence intervals (CIs). In addition to the matching variables, the OR were adjusted for maternal age and level of schooling, pelvimetries, and abdominal X rays and diseases during pregnancy.
We evaluated the linear component of the trend for the number of the child's X rays by reparameterizing the categories for the number of X rays and introducing a single variable in the model. We assessed departure from linearity by comparing the log-likelihood of a model where the variable is entered as a single parameter with that of a model where the single parameter is present as well as the square of this parameter (a quadratic term) (18) .
Case-only study. To circumvent the practical and ethical problems associated with taking blood from normal controls (children posing an added difficulty), several authors have proposed the use of case-only studies, where cases with the genotype at risk (defining carriers of specific mutations) are compared to cases without the given mutation with respect to exposure (19) (20) (21) . This approach will not allow the direct estimation of the effect of the exposure nor of the genotype on risk but will allow the estimation of the interaction effect between exposure and the mutation. One of the advantages of this design is that it is more efficient than the traditional case-control approach to estimate the interaction parameter. The validity of this design to estimate the interaction OR depends on the assumption that among controls, genotype and exposure are independent, i.e., the fact of having the mutation will not influence the exposure.
Genotyping. A sample of 129 cases from the Hopital Sainte-Justine and which were part of our case-control study had already been genotyped (22) . All of the parents accepted our use of DNA material that was already provided for diagnostic and therapeutic purposes. We used a polymerase chain reaction (PCR)/allele-specific-oligonudeotide (ASO) hybridization assay to genotype four allelic variants in three DNA repair genes: exon 6 of XRCCI (Arg-to-Trp substitution at codon 194), exon 8 of hMLHI (Ile-to-Val substitution at codon 219), exon 21 of hMSH3 (Arg-to-Glu change at codon 940), and exon 23 of hMSH3 (Thr-to-Ala modification at codon 1036). With this method, ASOs complementary to each of the variants distinguishing between the mutant and the normal alleles are used as probes to hybridize dot-blots containing PCR products (23) . We extracted genomic DNA from cells derived either from mouth epithelium, peripheral blood, or bone marrow in remission, as previously described (24) .
Because we studied inherited polymorphisms rather than somatic mutations, the genetic integrity of the samples after treatments should not be of concern. We studied mutations that are unique and established in human populations, where they were presumably introduced as a result of a single mutation event. The probability that such an event may recur during cancer development and/or treatment is negligible.
Data analysis. For the case-only study, we used unconditional logistic regression to estimate the interaction ORs and their CIs, adjusting for age and sex of the child.
Results
Case-control study. The case and control groups each induded 216 girls and 275 boys. Fifteen cases were younger than 1 year of age (3%); 64 cases were younger than 2 years of age (13%), and 249 cases were younger than 4 years of age (5 1%). In the majority of pairs (i.e., 465 of 491), the age difference between case and control was < 3 months; for other pairs, the difference ranged between 3 and 12 months or more. Other descriptive data for cases and controls are shown in Table 1 ; slighdy more case than control mothers were in the higher age group and in the lower levels of schooling. More postnatal X rays were reported for cases than for controls.
Analyzing the relation between postnatal X rays and the incidence of ALL without controlling for additional variables than the matching factors, the results were as follows: one reported child X ray (versus none) was associated with an OR of 1 Children's Health * X rays and childhood leukemia the infants younger than 1 year of age, the ORs remained almost identical; i.e., 1.06 (CI, 0.74-1.52) and 1.62 (CI, 1.14-2.30) for one and two or more X rays, respectively. There was no statistically significant departure from linearity in the relation between the number of the child's X rays and ALL; the change in OR for each increase in the level of child's X rays was 1.25 (CI, 1.06-1.49).
To account for latency, we excluded the X rays received 1 or 3 months before the date of diagnosis; 8 cases and 11 controls had an X ray in the month before the date of diagnosis, whereas 26 cases and 19 controls had one in the 3 months before the diagnosis. The adjusted OR for one X ray when removing those X rays received in the month before the diagnosis was 1.07 (CI, 0.74-1.56), whereas that for two or more X rays was 1.85 (CI, 1.28-2.69). Removal of the X rays in the 3 months before the diagnosis resulted in ORs of 1.08 (CI, 0.73-1.59) and 1.78 (CI, 1.21-2.63) for one and two or more X rays, respectively.
The nature of X rays was very similar in both groups, as most were bone X rays; almost all procedures in both groups were to establish a diagnosis.
Finally, we estimated the risk ofALL for child's X rays stratifying on sex (Table 2) ; fewer girls than boys had received X rays. In addition, there was a smaller percentage of girls who had received two or more X rays. The risk of ALL was somewhat more elevated for girls.
Case-only study. Results from the genotyped cases are shown in Table 3 (26) . In addition, recent analyses from atomic bomb survivors exposed in utero and as children younger than 6 years of age suggest a similar observation: although there were only 10 cancer deaths among those exposed in utero (n = 807), 9 occurred in females (24) . Finally, females irradiated for retinoblastoma also seem at greater risk of a second cancer (28) . Although these risk situations are quite different from the situation in the present study, they may nevertheless indicate a form of susceptibility to ionizing radiation for female children.
Radiation doses to children from common X rays show substantial variations between hospitals within the same time period and geographic territory (29) (30) (31) (32) (33) (34) Genes involved in DNA repair are critical for maintaining the integrity of genetic material transmitted from one cell to another and for protection against mutations leading to cancer. Mammalian cells rely on DNA repair systems to maintain their genomic integrity. Genes involved in the repair of double-strand DNA breaks (such as XRCC1) (38) that can be induced by X rays and other ionizing radiation, are especially relevant to cancer risk. XRCCJ-linked polymorphism was associated with cancer in radiosensitive patients (39) . This observation is supported by the existence of rare human disease syndromes associated with pronounced cellular sensitivity to DNA-damaging agents that arise from deficiencies in DNA repairs. Such instability syndromes (e.g., xeroderma pigmentosum, ataxia telangiectasia, Bloom syndrome, and Fanconi anemia) show marked predisposition for hematologic malignancies. The expression of the hMSH3 gene, a component of the mismatch repair machinery (40Q, is significantly decreased in patients with hematologic malignancies (41) , suggesting a role in leukemogenesis. The role of hMSH3 in radiosensitivity is still unclear; it could be through involvement in transcription-coupled repair of both ultraviolet-and ionizing-radiationinduced DNA damage. This mechanism requires genes involved in DNA mismatch repair (42) .
Although prenatal X rays are considered a causal factor for ALL (1), the role of postnatal X rays is typically not considered a causal factor for ALL. A recent review of the effects of ionizing radiation on cancer risk from an epidemiologic perspective does not include results on postnatal diagnostic X rays (43) . On the other hand, uncertainty toward dose control in pediatric X rays, greater susceptibility of children (28) , and the results in this study may be sufficient to justify other studies.
